Placing light-grown Lemma gibba L. G-3 into the dark results in a changed pattern of protein synthesis. Although the amount of protein in the tissue and the over-all rate of incorporation of I8'Slmethionine into protein does not significantly decline during four days of darkness, the rate of synthesis of three polypeptides declines dramatically. One of these polypeptides is the chlorophyil a/b-binding protein and the two others are the large and small subunits of ribulose-1,5-bisphosphate carboxylase. The changed rates of synthesis of the two subunits were examined after transitions of plants from light to dark and dark to light. The in vivo synthesis of both subunits, while declining to a low level during four days of darkness, increases rapidly upon retuming the plants to white ight. In addition, the level of poly(A) mRNA coding for the precursor pobpeptide of the small subunit of the enzyme falls to a low level in the dark and increases rapidly in response to white light. The increase in translatable mRNA for the small subunit is rapid enough to account for a major part of the increased synthesis of this subunit.
Light affects the synthesis of a number of plant enzymes. One such enzyme is RuBP2 carboxylase, the major soluble protein in chloroplasts. One molecule of this enzyme (mol wt -550,000) contains eight large and eight small subunits. The large subunit is coded and synthesized in chloroplasts, whereas the small subunit is coded in the nucleus. This small subunit is synthesized in the cytoplasm as a precursor polypeptide from which a 4,000-to 8,000-dalton portion (depending on the species) is cleaved from the N-terminal end before it is transported into and assembled in the chloroplasts into the holoenzyme (9, 15) . We have extended our earlier report (32) on the effects of white light and darkness on the level of translatable mRNA for the small subunit and on the rate of synthesis of both subunits of the enzyme in Lemna by looking at the time course of these changes and characterizing them in more detail through the use of immunoprecipitation.
Studies with a number of species of higher plants have shown that the activity of RuBP carboxylase increases during greening of etiolated tissue (e.g. 14, 23) and phytochrome action is involved in regulation of this increase in some species (5, 12) . Kleinkopf et al. (23) demonstrated that in greening barley (Hordeum vulgare L.) the increased activity is due to de novo synthesis of the enzyme. Reisfeld et aL (27) have shown that RuBP carboxylase synthesis increases during greening of etiolated Spirodela oligorrhiza, a species closely related to Lemna gibba. These workers reported that Spirodela shows a long lag period before greening starts, and synthesis of RuBP carboxylase increases relative to other proteins only after 8 h of illumination. In these same experiments, the synthesis of a 32,000 dalton thylakoid membrane polypeptide was found to increase immediately upon placing the dark-grown plants into light. Studies with senescing tissue of higher plants suggest that RuBP carboxylase is degraded, sometimes preferentially with respect to other proteins, when leaves are put into darkness (26, 36, 37) . Light initiates the development of chloroplasts from etioplasts in higher plants by converting PChl(ide) to Chl(ide). One of the difficulties in interpreting the data obtained with greening etiolated plants is to distinguish the effect of light on Chl synthesis from possible effects on other processes. It has been possible to examine light effects on RuBP carboxylase synthesis in the green algae Chlamydomonas reinhardtii which does not require light for the completion of Chl synthesis. In this organism, the synthesis of RuBP carboxylase (20) , as well as membrane polypeptides (19) , varies with the light/dark cycle. In a mutant (y-l) of Chlamydomonas in which greening does not occur until cells are transferred to light, Hoober and Stegeman (19) have suggested that a posttranscriptional step is blocked in the dark and that the translation of the mRNA for the major thylakoid membrane polypeptides depends on the photoreduction of PChlide.
To study the effects of light and dark on the synthesis of RuBP carboxylase in a higher plant, we have used green tissue of L. gibba which has certain advantages over systems previously used. The green plants already contain fully functional chloroplasts and high levels of RuBP carboxylase. This aquatic species reproduces vegetatively and grows heterotrophically on sucrose in the dark. Under these conditions darkness does not result in immediate senescence, and plants placed into the dark remain green for at least 8 weeks, although new fronds which emerge are etiolated. The Lemna plants are neither etiolated nor senescing during the light/dark treatments. It seems reasonable to assume in our system (ie. dark-treated but not etiolated plants) that (1, 17, 28) .
The studies reported here extend our previous work (32) 6 M urea, 15% glycerol), and the two subunits separated by electrophoresis on 12.5% polyacrylamide-SDS slab gels. In later experiments, immunoprecipitation was carried out using Staphylococcus aureus cells (see below). The radioactive bands were located by fluorography. The film was preflashed before exposure of the gel to correct for nonlinearity between the amount of radioactivity and the optical density of the exposed film (24) . The fluorogram of the dried gel was scanned with a Joyce-Lobel densitometer and each peak of the tracing was cut out and weighed. The relative amounts of radioactivity in each peak were determined from these weights. Stained gels could be scanned directly before drying to determine relative amounts of protein.
Poly(A) RNA was isolated from polysomes and translated in a wheat germ cell-free protein-synthesizing system as previously described (32, 33) . The small subunit was immunoprecipitated from the translation products by using Staphylococcus aureus cells (New England Enzyme Center) to adsorb the antigen antibody complex (22 was prepared against crystalline RuBP carboxylase purified from tobacco, and has been characterized as being fully specific for that enzyme (15, 35) . The additional band might have some relationship to the 60,000 dalton polypeptide found to be associated with the large subunit of RuBP carboxylase in peas by Ellis (10) . When plants are returned to the light after 4 days in darkness the pattern of protein synthesis changes rapidly in both the soluble and particulate fractions. Figure 4 illustrates the changes seen in the protein synthesis during the first 6 hours of light. After transferring the glants from dark to white light the plants were incubated with [ S]methionine for the hour prior to the indicated times. The rate of synthesis of a number of different polypeptides changes in response to the light treatment. The increases in the synthesis of the small subunit of RuBP carboxylase (at 12,000 daltons in the soluble fraction) and of the radioactive band coincident with the Chl a/b-binding protein (at around 27,000 daltons in the particulate fraction) are particularly noticeable. The fact that the 0 h samples appear to be less heavily labeled than the other samples in this figure is due to loading less of this sample on the gel. Densitometer scans of Figure 4 were used to determine the percent ofthe total counts applied to the gel which is associated with the small subunit. These values are given in Table I and characterized on SDS-polyacrylamide gels. The synthesis of both subunits rapidly increases for a period of at least 6 h when the plants are transferred from darkness to light (Fig. 5) . As in Figure 3 , the immunoprecipitated samples correspond to the amount of RuBP carboxylase present in the sample of total soluble proteins applied to the gel.
The rate of synthesis of a given polypeptide should be proportional to the amount of radioactivity incorporated into it in unit time since light/dark treatments did not affect either the rate of uptake of the [35S]methionine or its incorporation into trichloroacetic acid-precipitable material (Fig. 1) . On this basis we should be able to determine the relative rates of change in the synthesis of each subunit of RuBP carboxylase in response to light or dark.
The relative amounts of radioactivity incorporated were measured by weighing the area under the peaks representing the two immunoprecipitated subunits in the densitometer scans of fluorograms. In some cases, the band was also excised from the dried gel and the eluted radioactivity counted.
The amino acid composition of the two subunits of RuBP carboxylase from Lemna is not known, so the ratio of methionines in the two subunits cannot be used to compare synthesis rates for each subunit. Because the subunits are synthesized in two different parts of the cell and the methionine pool sizes for each are not known, the relative synthesis rates for the two subunits cannot be determined from our data. However, the relative rates of increase or decrease in the synthesis of each subunit can be compared. Experiment 2 in Table II Our previous studies (32) showed that the translatable mRNA for the small subunit of RuBP carboxylase in Lemna declines to a low level after 4 days in darkness, and increases after the plants have been returned to white light for 18 h. It was of interest to see if this increase in translatable mRNA could be detected early enough to account for the rapid increase in the in vivo synthesis rate of this polypeptide in response to light. The relative amount of mRNA for the small subunit in the tissue was estimated by translation of the poly(A) RNA isolated from polysomes followed by immunoprecipitation of the translation products with antiserum to the small subunit of the Lemna enzyme. To make certain that the amount of small subunit precursor synthesized is proportional to the amount of added mRNA, different amounts of poly(A) RNA were translated in the in vitro system. For up to 3 ,ug total RNA added to 50 ,ul of translation mixture, the percent of the total radioactivity incorporated into the small subunit precursor and into the Chl a/b-binding protein precursor remained constant. At 5 jig RNA, the percent was lower for the small subunit than at the lower concentrations. Within the range used in our experiments (1-2 ILg RNA/50 pl) the amount of small subunit precursor is proportional to the amount of added RNA.
The increase in the translatable mRNA coding for the small subunit precursor in response to light can be rapidly detected (Fig.  6) . RNA was isolated from plants that had been in the dark or had been returned to white light for the indicated times after the dark treatment. After 4 days in darkness, a substantial increase in the amount of translatable mRNA coding for the small subunit could be detected within 2 h after returning the plants to white light, and the amount continues to increase for at least 10 (13, 34) . As Lodish (25) points out, even a general effect on initiation or elongation rates can have seemingly specific effects on protein synthesis if particular mRNAs are preferentially translated. In situations where the over-all rate of initiation is changing with time, the translation of different mRNAs will be variously affected. For example, if the mRNA for the small subunit of RuBP carboxylase is a poorly translated messenger (e.g. has a lower than average rate of attachment to ribosomes), and darkness affects the over-all rate of polypeptide initiation, one would expect to see a nonspecific effect of darkness on the translation of this mRNA relative to other mRNAs.
Another aspect of the regulation of RuBP carboxylase which is touched on in this work is the question ofthe coordinate regulation of the synthesis of its two subunits. Experiments with Chlamydomonas (20) suggest a tightly coordinated synthesis. Coordinate regulation of the synthesis of the two subunits has also been suggested in higher plants (3). It is not possible to make an absolute comparison of the synthesis rates of the two subunits from the data here. However, the fact that the synthesis of the large and small subunits seems to decline at different initial rates when the plants are placed into the dark suggests that the postulated coordinated control of the synthesis of the two subunits is not operating under these conditions. There is evidence in other circumstances for the two subunits being synthesized in an uncoordinated manner (2, 8, 11, 18, 21, 29) . The question of exactly which cellular processes are being affected by light is not yet answered. In earlier work we found changes in translatable mRNA levels after 4 days of darkness and after an additional 18 h of white light. We have now examined the time course of the changes in the in vivo synthesis of RuBP carboxylase as well as in the mRNA levels for the small subunit of the enzyme in response to light. We have shown that both the increase in translatable mRNA for the small subunit and the increased rate of synthesis of the enzyme occur within 2 h in response to light (Figs. 4-6 ). We have provided support for the hypothesis that the rapid, light-induced increase in the synthesis of RuBP carboxylase can be accounted for by the increase in translatable mRNA coding for the small subunit. Similar evidence for the UV light-induced increase in phenylalanine ammonia lyase in cultured parsley cells has been obtained by Hahlbrock et al. (16, 31) . This increase which we observe could be due to a specifically increased rate oftranscription ofthe gene, an increased rate of processing of the transcript to a translatable form, a decreased rate of degradation, or some combination of the three. A similar argument suggests that an increase in mRNA for the Chl a/b-binding protein and possibly for other as yet unidentified proteins can account for their increased synthesis in Lemna in response to white light.
Such an interpretation would also serve to account for the decline in the synthesis of these proteins in the dark. If production of translatable mRNA for certain polypeptides is light-dependent, then the declining synthesis in darkness might well be a reflection of the degradation of mRNA in the absence of new, or with
